ABSTRACT With the large-scale penetration of demand-side distributed generations (DG), the conventional low-voltage distribution network is becoming increasingly complex in the terms of synchronization stability and control. This paper presents the evolution process of energy transfer topology in the mathematical model, analyzes the network model and the synchronization stability of large-scale DGs in a low-voltage active distribution network. Topological mathematical models are established as the object to research incorporate DGs into three networks (i.e., star-shaped, circle-shaped, and tree-shaped networks) without changing the network architecture. Based on the Kuramoto oscillator form from a complex network theory perspective, the large-scale DGs with the frequency-droop controllers in the network can be transformed into a generalized Kuramoto model. Accordingly, by comparing the above proposed models with the standard networks (i.e., fully coupled network, NW small world network, and BA scale-free network), we discuss the synchronization stability for different topology structures of an active distributed network. The effectiveness and the superiority of the proposed topology structure are further demonstrated through numerical simulation methods, including frequency stability, phase stability, order parameters, and spectrum analysis. Furthermore, the improvement of Iceland 189-node grid is employed to prove the better stability with the star-shaped connection.
I. INTRODUCTION
Demand-side distributed generation plays a critical role in making full use of renewable energy such as solar energy. Specifically, distributed generation incorporated into lowvoltage distribution network can effectively reduce the network loss and the power grid investment in remote areas [1] - [4] . That is why it becomes an important component of the future smart grid and an effective means of utilizing renewable energy resources. Unfortunately, due to the low energy density and remote distribution of renewable energy resources, two issues need to be addressed. Firstly, the low energy density results in a small single-machine capacity for distributed power generation, which must be large-scale acquisition to generate effectively. This kind of large-scale is not a multi-machine grid connection in the general sense [5] - [7] , [30] , [31] but an integration of hundreds of generator sets [8] . Secondly, the remote distribution of renewable energy resources leads to the independence of regional grids. This situation requires the active distribution network to operate in an autonomous, efficient, safe and stable way while operating in islanded mode. Therefore, it is necessary to research the network stability problem of large-scale distributed generations in the case of islanded operation mode.
Focusing on the stability of grid-tied DG, previous researches in this field mainly investigate the synchronization control schemes for the islanded active distribution network consisting of single or multiple DGs [9] , [15] . Specifically, the work [9] pointed out that the distributed control is able to enhance the frequency synchronization for microgrids via low-bandwidth communication. In [10] , a distributed secondary integral controller was proposed for the frequency stabilization with a distributed communication network, meanwhile it achieved the power shared proportionally among a few DGs. Considering the influence of uncertain communication topologies for the stability of microgrid system stability, the work [11] presented a distributed cooperative control scheme for regulating the frequency synchronization of a few DGs in AC microgrid. Furthermore, for synchronizing the frequency of a microgrid, the work [12] presented a distributed networked control scheme for microgrids regulation under time delay communication conditions, which is benefit to the demands of line switches and plug-andplay performance for microgrids. In [13] , a robust distributed networked control for frequency synchronization has been addressed to tolerate the interval uncertainties within information exchange via a sparse communication network. Based on leader-follower networked control problem of multi-agent systems, the work [14] presented a novel finite-time distributed frequency synchronization strategy accompanied by a distributed active power sharing regulator. Furthermore, an exact frequency synchronization condition was presented. In order to reduce the electrical network, the work [15] proposed a general graph-theoretic framework of Kron reduction.
However, due to the nature (randomness and intermittency) of distributed energy resources, few studies have investigated the stability of large-scale grid-tied DGs in any systematic way. In fact, with the increasing number of DGs, the dynamic characteristics of the whole low-voltage distribution network system will become high-order, multi-dimensional and strong coupling. In other words, with the sharp increasing number of DGs,, the system may fall into the ''Curse of Dimensionality''. That's why traditional methods, which analyzing single or multiple DG stability, are difficult to apply to related research effectively. Fortunately, a useful profiler for solving the stability analysis of large-scale network systems has been provided by the rapid development of complex network theory. It has made achievements in data analysis [16] , disease transmission [17] , social network [18] and so on. Thus, this paper studies the synchronization stability of large-scale DGs incorporated into a low-voltage distribution network based on the complex networks theory. The contributions of this paper are as follows:
1) The evolution of low-voltage islanded active distribution network is based on the existing distribution network, without the need for extra transformation and changing the existing framework. Unlike a conventional distributed controller proposed in [11] and [14] , the number of grid-tied DGs in this paper is large-scaled (the number of DG is greater or equal to 200) rather than single or multi-DGs (actual DG number is very small).
2) The large-scale DGs with the frequency-droop controller in the network can be equivalently cast as a generalized Kuramoto model. Accordingly, we discuss the synchronization stability for different topology structures of active distributed network based on the Kuramoto oscillator form from a complex networks theory perspective.
In this paper, the system model and its stability are discussed in Section II and III, respectively. The local droop control method for DGs in a large-scale active power network is designed for realizing the stability operation of large-scale DG system in Section IV. After that, the numerical result and decision are analyzed via large-scale distributed generations in Section V, before one concludes the work in Section VI.
II. PROBLEM FORMATION AND ANALYSIS
In this section, the evolution process of grid architecture model from traditional distributed network to active distributed network is formulated. Then, some basic concepts of algebra graph knowledge from complex networks theory are introduced.
A. EVOLUTION OF LOW-VOLTAGE ISLANDED ACTIVE DISTRIBUTION NETWORK
As shown in Fig. 1(a) -(c), the existing distribution networks can be extended to a tree-shaped network, a star-shaped network or a circle-shaped network [19] , [21] . These three networks are widely used in the actual power grid, and each network has a different application range. Specifically, tree-shaped network is suitable for small construction sites, mechanical processing workshops, machine workshops or tool workshops whose load distributed uniformly and electricity consumption less than 200 kVA [21] . Yet, in a critical construction site with large capacity equipment and high construction quality requirements, star-shaped network is the first choice. It is also applicable to places where the load is relatively concentrated, humid and corrosive, etc., which have special requirements for power supply. Meanwhile, circleshaped network has the best power supply reliability among these three networks, it is suitable for consumers who have a higher demand on power supply reliability [22] , [23] .
According to the existing distribution network, the largescale DGs can be incorporated into low-voltage distribution systems without the need for extra transformation, and therefore cost low. In this subsection, we consider the situation of large-scale DGs incorporated into existing low-voltage distribution systems, which thus leads to low investment cost due to without the need for extra transformation.
As can be seen from the wiring diagram of the lowvoltage distribution network (Fig 1) , the black arrows represent the terminal outgoing from the bus. In the evolution process, the transformer and the terminal outgoing are transformed into grid-tied DGs. In other words, the large-scale DGs are incorporated into low-voltage distribution systems in the topology of star-shaped, circle-shaped or tree-shaped, as shown in In order to simplify the model and facilitate the calculation, we need to build topologies of these three low-voltage distribution networks which have large-scale grid-tied DGs. The next section will describe topologies of the active distributed network with large-scale grid-tied DGs from a complex networks theory perspective.
B. THE GRAPH THEORY
A complex network can be viewed as a graph G with a set of N nodes V = {θ 1 , θ 2 , · · · θ N } and a set of edges E ∈ V × V , where each edge in edge set E corresponds to two points in point set V . If different combinations of the same point (θ i , θ j ) and (θ j , θ i ) connected on the same edge, the graph becomes undirected graph. The associated adjacency matrix A = [a ij ] VOLUME 6, 2018 represents the weight of each edge in the graph, where a ii = 0 and a ij > 0. The unweighted graph is defined as a ij = 1,when given different weights, the graph is called a weighted graph. The number of other nodes connected to node θ i is defined as degree k i . The Laplace matrix L is a symmetric zero-sum matrix of undirected graphs, where l ii = i =j a ij , l ij = −a ij . The matrix L satisfies the following conditions:
The synchronization capability of a network can be described by the second largest eigenvalue λ 2 or the eigenvalue proportion λ N /λ 2 of the adjacency matrix A.
Classical undirected graph topologies contain fully coupled networks, NW small-world networks and BA scalefree networks. In section IV, these three standard networks are compared with proposed three distribution networks for low-voltage islanded active distribution networks with large-scale DGs.
III. MODEL OF LOW-VOLTAGE ISLANDED ACTIVE DISTRIBUTION NETWORKS WITH LARGE-SCALE GRID-TIED DGs
In this section, the model of low-voltage active distribution networks with large-scale grid-tied DGs is constructed from two aspects. For one thing, the topologies of the low-voltage active distribution network consist of N nodes (N → ∞) is shown in matrix form. The adjacency matrix A, the in-degree matrix D, and the Laplace matrix L of different network topologies are described specifically. For another thing, each DG with a frequency-droop controller can be analyzed as a Kuramoto oscillator node.
A. MODEL OF DIFFERENT TOPOLOGIES
To compare the differences in topology structure more intuitively, this subsection converts network topology into matrix form.
1) TOPOLOGY OF STAR-SHAPED NETWORK
A star-shaped network topology can be obtained based on the previous graph theory. The network with N DG nodes is shown in Fig.2(a) . The coefficient r i is the impedance value between any two adjacent nodes. The connection value a ij between two DGs is the sum of r i between the intermediate nodes. In addition, the specific value a ij depends on nodes voltage, line admittance, and droop coefficient. For example, a 12 = a 21 = r 1 .The N -dimensional adjacency matrix A, the in-degree matrix D, and the Laplace matrix L of the star-shaped network in Fig. 2 (a) are as follows:
where
2) TOPOLOGY OF CIRCLE-SHAPED NETWORK
Similarly, the circle-shaped network structure can be transformed into a topology with N DG nodes as shown in Fig.2 (b). It is obvious that each DG node in the circleshaped topology is connected to two adjacent DGs around. So the N -dimensional adjacency matrix A, the in-degree matrix D and the Laplace matrix L are expressed as follows:
3) TOPOLOGY OF TREE-SHAPED NETWORK
According to the previous graph theory, the tree-shaped network structure can be transformed into a topology with N DG nodes in the same way as shown in Fig. 2 (c). It can be seen that the tree-shaped topology is similar to the star-shaped network, except that all DGs in the tree-shaped topology is connected to the main line, while DG nodes in the starshaped topology are connected to the first node. Then the N -dimensional adjacency matrix A, the in-degree matrix D and the Laplace matrix L are as respectively follows:
B. DROOP CONTROL FOR LARGE-SCALE DGs WITH A KURAMOTO OSCILLATOR FORM
After analyzing the above three topologies evolved from lowvoltage islanded active distribution networks, this subsection presents the frequency-droop control strategy of large-scale grid-tied DGs in the active distributed network. In the following, the large-scale DGs network can be expressed as a Kuramoto oscillator when it takes classic droop control strategy [10] , [24] - [25] . The power flow of coupled DG nodes in a large-scale active distributed network exists the following relationships:
therefore:
where P i represents the active power of DG i node, E i and E j respectively represents the node voltage of DG i and DG j , and Y ij is the admittance of DG i and DG j nodes. For a fully coupled network, the active power P i delivered by DG i node is:
The DG i node takes classic f-P droop control can be written as:
for all i = 1, 2, . . . N , where ω i is no-load angle frequency, ω 0 is undamped natural oscillation frequency, ω θ is rated angle frequency, constant m i and p i are droop coefficient and active power of DG i node, respectively. Therefore, ω i can be rewritten as
Then,
where θ i is the power angle at E 0 0. According to (3) and (7), the local droop control for DG i nodes can be written as following Kuramoto oscillator form [10] 
The element a ij in the adjacency matrix is a weight value, and it is proportional to the droop coefficient m i , the node voltage E i , E j , and the line admittance Y ij between DG i and DG j nodes. If a ij is a constant value, the system will be an average field, so a ij determines the synchronization properties of the Kuramoto oscillator.
So far this paper has focused on the frequency-droop control strategy of large-scale grid-tied DGs in an active distributed network, the next section will discuss the synchronization stability for different topology structures of active distributed network based on the Kuramoto oscillator form (8) .
IV. SYNCHRONOUS STABILITY OF ACTIVE DISTRIBUTED NETWORK WITH LARGE-SCALE DGS
Moving on now to consider synchronous stability of active distributed network with large-scale DGs. In this section, the topologies of different networks are described firstly, then we discuss the stability of different network topologies from VOLUME 6, 2018 phase, frequency, order parameter, and eigenvalue spectrum. Finally, a further analysis of the Iceland 189-node distributed grid is proposed.
A. STABILITY OF DIFFERENT NETWORK TOPOLOGIES
Having discussed how to construct the model of the ith grid-tied DG node, this subsection focuses on how different network topologies affect and achieve the synchronous stability in an active distributed network with large-scale gridtied DGs. It will be developed to analyze and compare the topological structure of the system network between classical network structures (fully coupled network, NW smallworld network, and BA scale-free network) and tree-shaped, star-shaped, circle-shaped networks, respectively. Actually, three standard network structures in complex networks theory do not exist in real grid [23] . Thus, this paper just employs these three networks to make a comparison in the aspect of synchronization and stability of the topological structure.
The Kuramoto oscillator model of DG i node in a active distributed network given by (8) in the above section is:
whereθ is the phase of the ith oscillator, ω i is the natural frequency of the ith oscillator, N i is the set of points that have a coupling relationship with the ith oscillator and a ij > 0 is the weight of the ith oscillator for the jth oscillator. Note that this paper focuses on the average field situation (e.g., a isometric distributed resource energy district or a wind farm with large-scale DGs). Therefore, a ij = r (i = 1, 2, . . . N ; j = 1, 2, . . . N ) is constant. Let the coupling strength K = r, K is proportional to the droop coefficient, node voltage and line admittance. Thus, we can obtaiṅ
The large-scale network generally means the number of DGs is 100 to positive infinity [24] . No loss of generality, the network size N of an active distributed network with large-scale DG nodes is 200, which also makes our result different from the existing results with only a few DGs in [9] , [11] , and [14] .
1) FULLY COUPLED TOPOLOGY
In a fully coupled topology, each DG node is connected to other DGs, thus when the value of each DG node's degree k is larger, the entire system will enter the synchronization state in a faster speed.
Meanwhile, the adjacency matrix A = (a ij ) ∈ R N ×N represents the topology of the network, where the adjacency matrix A full of the fully coupled network with size N = 200 is
It can be seen that the largest and the second largest eigenvalues of the adjacency matrix A are both −N , which decreases as the network size increases. Therefore, the stability of the fully coupled network with the expansion of the network size is enhanced.
2) NW SMALL-WORLD NETWORK TOPOLOGY
For the NW small-world network [26] , each DG node is bounded by probability p with other DG nodes. When p = 0, the network structure is the initial nearest-neighbor network.
When p = 1, the network is equivalent to a fully coupled network.
3) BA SCALE-FREE NETWORK TOPOLOGY
BA scale-free network [27] starts from a network with m 0 nodes. In each turn, a new DG node is added to existing m nodes until the number of nodes reaches N , m ≤ m 0 . The probability that each additional DG node connected to the existing DG i node is the ratio of the degree of DG i to the sum of the degree of all DG nodes.
4) STAR-SHAPED NETWORK TOPOLOGY
In a star-shaped network topology, each DG node is only connected to the first DG node, so each the degree of remaining node k i (i = 2, · · · , N ) has a value of 1 and the degree of first node k 1 is N − 1. The adjacent matrices of a star-shaped network whose size N = 200 is:
It can be seen that the second largest eigenvalue of the adjacency matrix A star is -1, which does not change with the size of the network. The value of the ratio between the minimum eigenvalue and the second largest eigenvalue is N , so the starshaped network gradually enter stability with the expansion of the network scale.
5) CIRCLE-SHAPED NETWORK TOPOLOGY
In a circle-shaped network topology, each DG node is connected to the next DG node in turn, and the first DG node is also connected to the last node. Therefore, the degree of all DG nodes k is 2. The values of all nodes are very small, and it is difficult for the entire system to enter the synchronization state. The adjacency matrix of the circle-shaped network in whose size is N = 200 is:
6) TREE-SHAPED NETWORK TOPOLOGY
In a tree-shaped network topology, each DG node is connected to the next DG node in turn. Therefore, the degree of first node k 1 and the last node k N is 1 and the degree of remaining DG nodes k i (i = 2, · · · , N − 1) is 2. The value of all DG nodes is very small, consequently the entire system into the synchronization more difficult. The adjacency matrix of the tree-shaped network A tree with size N = 200 is:
B. STABILITY ANALYSIS When t → ∞, then ∀i, j hasθ i (t) −θ j (t) → 0, so each DG node is called synchronous stability [10] . That is to say, when the time tends to infinity, the phase and frequency of all DGs will be fixed at one constant point if the network is stable. Naturally, this study uses the diagram of phase and frequency stabilization process to observe the network stability intuitively. Besides, we also employ the order parameters and spectral analysis and other indicators to analyze the stability of the network. The order parameter of the above proposed six kinds of network topologies is [25] : (11) which is used to indicate the synchronization of DG nodes in the network, the size of r represents the proportion of stable nodes in the network, the value is: (12) In the following stability analysis, the number of DG nodes N is 200, the droop coefficient m is 6.4, the type of line is 20m ACSR GJX-35, so the line admittance Y takes 0.0549, the node voltage E is 50V, and the coupling strength K = a ij = mE 2 Y = 88.
1) PHASE STABILITY RESEARCH
The stability of fully coupled network, NW small-world network and BA scale-free network is proportional to the network size. Therefore, it is easily for these three networks to enter synchronization in a large-scale conition.The number of network nodes N is 200 and the coupling strength K is 88 in this paper. The synchronization processes of phase diagrams are shown in Fig. 3(a) -(j) below:
It can be clearly seen from Fig. 3 that the initial phase of each DG node in the system is randomly selected from [−π, π], and the sum of the initial phases of all the DG nodes is zero. As time increases, the phase of each DG node in the fully coupled network gradually converges to a constant until it becomes stabilizing.
Different from the other four network topologies, the topologies of the NW small-world network and the BA scale-free network are not fixed. Therefore, we compare the phase stabilization processes of the two networks under different initial conditions, as shown in Fig. 3(b) - (d) and Fig. 3(e)-(g) . The reconnection probability p of NW smallworld network takes 0.7, 0.8 and 0.9 in Fig. 3(b)-(d) . And a new node will be added to 2, 4 and 6 nodes (m = 2, 4, 6) when initial nodes m 0 is 6 in Fig. 3(e)-(g) .
In a nonlinear system, the system can have multiple equilibrium points. Therefore, the NW small-world network and the BA scale-free network are different from the fully coupled network, where the phases of the DG nodes gradually converge to two constants until they are completely stable.
Obviously, compared with the last three network topologies, different initial conditions of these two networks have little effect. So only the NW small-world whose network reconnection probability p takes 0.9 and the BA scale-free network when m = m 0 = 6 have been considered in the following research.
While the star-shaped network is slightly different, the stability of this network structure will not change with the network size. Similarly, the network node number N is 200, and the coupling strength takes the same value as the first three networks, then the synchronization process of its phase angle are shown in Fig. 3(h) above.
Same as the synchronization process of the previous three kinds of network structures, the initial phase of each DG node in the star-shaped connection topology is the same as before. It can be seen in Fig. 3(h) that the phase of each DG node in the star-shaped network also fixed on two constant values.
The circle-shaped and tree-shaped networks are different from the several above networks, the stability of these two kinds of network structure decreases as the increases of the network size. So they take a long time to enter into synchronization as shown in Fig. 3(i) ,(j) when the number of nodes N is 200 and the coupling strength takes the same value as the first four networks.
There is no obvious difference between these two networks and the previous four ones in the synchronization process. The initial phases of each DG node are the same as before. It can be seen in Fig. 3(i),(j) that the phase of each DG in the tree-shaped network and the circle-shaped network is fixed at a constant value in the final. Furthermore, the time which network takes to enter a stable state is an important indicator that reflects the network stability. As shown in Table 1 , when the coupling strength K is 88, it can be seen that the transition process time required by the three standard network topologies in the complex network theory to enter a stable state is almost the same. Then is the star-shaped network, followed by circle-shaped and tree-shaped networks. Fig.4 shows that the DG nodes in each network enter frequency synchronization after a transitional time with varying amplitude. The number of network nodes N in each network is 200 and the coupling strength K is 88. The circle-shaped network and the tree-shaped network are difficult to enter a steady state when the nodes take a large value, so both of them require a long time to enter synchronization.
2) FREQUENCY STABILITY RESEARCH
Similar with the phase stability research, different initial conditions of the NW small-world network and BA scalefree network have been discussed in Fig. 4(b)-(d) and (e)-(g). It is no doubt that the change in initial conditions has little effect in frequency stabilization process. Therefore this paper will only take the situation of Fig. 4(f) and (g) to make some comparisons with the other four topologies.
It can be seen in Fig.4 that the natural frequency of each DG node in the network will affect the overall frequency of the system after stabilizing. When the initial natural frequencies are all 0, the stable frequency of the system is also fixed at zero.
Except for the time which network takes to enter a stable state, the peak value of the network fluctuation before entering a stable state also an important indicator that reflects the network stability. As shown in Table 2 , when the coupling strength K is 88, the fully coupled and BA scale-free network topology becomes stable firstly, followed by the star-shaped and NW small-world network topology, and finally the circleshaped and tree-shaped network topology. In the process of entering into stability, the fluctuation amplitude of the starshaped is the smallest, followed by the tree-shaped, circleshaped and BA scale-free network topology. NW small-world network and fully coupled network fluctuate most intensely. 
3) RESEARCH ON ORDER PARAMETER
One kind of network fully enter the steady state when its order parameter turns into 1. Moreover, the coupling strength this network needs to enter the synchronization is called critical coupling strength. Different coupling strength when networks entering frequency stability are shown in Table 3 , the values of coupling strength determine the stability of different networks.
The works [32] , [36] show the way to obtain the critical coupling strength when networks have different degree distribution. But the critical coupling strength formula for different topologies haven't been discussed in previous study. That's why we need to take a large coupling strength value to ensure that all topologies can become synchronous. In this paper, the value of coupling strength K is 88, and the first five topology types fully enter the steady state while the tree-shaped network nearly enter the steady state, as shown in Table 3 and Fig.5 .
We analyze the synchronization stability by comparing the time when order parameters of different network reach 1. As shown in Fig.5 , the fully coupled network has the shortest time to enter the stable state, and its order parameter curve is the steepest, reaching the value of 1 first. When the reconnection probability p of NW small-world networks is 1, the network is equivalent to a fully coupled network. In this paper, the value of p is 0.9, so its stability is only inferior to that of the fully coupled network. The stability of BA scalefree network and star-shaped network is inferior to the former two kinds of network connection.
However, the connection degree of the tree-shaped network and the circle-shaped network is obviously poorer than that of the first four types of network structures. It can be seen in Fig.5 that these two types of network require a long time for coupling to enter a steady state. 
4) SPECTRUM ANALYSIS OF DIFFERENT NETWORK STABILITY
The following is a spectrum analysis of different networks' stability. As seen in Table 4 , the second largest eigenvalue of fully coupled network, which changes with the size of network, is much smaller than other network structures, so it has the best synchronization performance. Followed by the NW small-world network whose reconnection probability p takes 0.9. When p is 1, the NW small-world network is equivalent to fully coupled network. Therefore, the synchronization performance of NW small-world network is second to that of fully coupled network.
The synchronization performance of BA scale-free network and star-shaped network structure is slightly worse than the fully coupled network and NW small-world network, while the synchronization performances of tree-shaped and circle-shaped networks are the lowest. The tree-shaped and circle-shaped networks can enter the synchronization state only if the coupling strength K value is respectively greater than 56 and 100 as shown in Fig.5 . Finally, the conclusion of Table 3 and Fig.5 confirms each other.
C. THE STABILITY ANALYSIS OF NETWORK WITH DIFFERENT SIZES
Moving on now to consider the size of network, which is obviously an important factor to affect the stability. The case of star-shaped network is shown in Fig.6 (a) . The size and stability of the network are not related to each other. But the stability of the circle-shaped and tree-shaped networks decreases with the increase in the network size, as shown in Fig.6 (b) and (c). This conclusion is consistent with the stability of the second largest eigenvalue in the spectral analysis.
To sum up, this paper concludes that the star-shaped network topology is the best topology of the three lowvoltage islanded active distribution network topologies, and it requires the least amount of time for phase stabilization and has the minimum fluctuation amplitude during the frequency stabilization. From Fig.5 , we can see that the critical coupling strength is the minimum, and the stability is not limited by the size of the network, as shown in Fig. 6 (a) . Therefore, this paper suggests that the grid-tied architecture of large-scale DGs should be the star-shaped network in the future.
D. FURTHER ANALYSIS OF STAR-SHAPED NETWORK IN THE ICELAND 189-NODE DISTRIBUTED GRID
This section will optimize the Iceland 189-node grid [29] to verify the superiority of star-shaped network topology. It is undoubtedly unrealistic to change its structure into a standard star-shaped structure for the actual grid with complicated wiring conditions. Therefore, this issue will optimize the Iceland grid according to the characteristics of the star-shaped structure. The star-shaped structure is characterized by one common DG node that has no direct connection between the other nodes except for the central node, so communication between any two nodes must pass through the central node. As a result, there will be a small number of central nodes and a large number of ordinary DG nodes in the star-shaped structure, in other words, a small number of lines with small degree difference between two nodes and a large number of lines with large degree difference between two nodes. Therefore, deleting the connecting lines with small degree difference between two nodes in the actual network properly can complete the optimization of the actual power grid into a star-shaped structure. Under the premise of produce no isolated nodes, the stability condition of the Iceland 189-node distributed grid after deleting the connecting lines with small degree difference between two DG nodes properly is shown in Fig. 7(a) . Fig. 7(b) is the enlargement of the upper right corner of Fig. 7(a) , and it can be found that the stability of the power grid is obviously improved when deleting the lines whose degree difference is 0 or 1 individually. The stability is also improved in the case of deleting degree difference is 2, but the effect is worse than 0 or 1. While deleting the line with the degree difference of 0 and 1, the stability improvement is lower than that of deleting the degree difference of 2. When deleting degree difference of 0, 1 and 2, grid stability will not be improved. It can be seen that the star-shaped structure optimization scheme of deleting the connecting line with small degree difference does have a certain effect on the steady increase of the actual power grid.
V. CONCLUSION
The present study was designed to determine the effect of the synchronization stability of low-voltage islanded active distribution networks with large-scale DGs in different topologies. Three models including star-shaped network, tree-shaped network, and circle-shaped network evolved from existing traditional distributed networks have been described in detail.
The grid-tied DG with a frequency-droop controller can be transformed into Kuramoto oscillator form. When studying the problem of large-scale objects, it is an excellent solution to avoid falling into''Curse of Dimensionality''. For the purpose of various analysis, this study also considered three standard networks based on the complex network theory: fully coupled network, NW small world network, and BA scale-free network.
This study has identified the stability of different network topologies by analyzing the frequency stability, phase stability, order parameters, and eigenvalue spectrum. The most apparent finding to emerge from this study is that the stability of the fully coupled network is the best; the next is NW small-world network whose reconnection probability p is close to 1, the third is BA scale-free network and starshaped network. At last, the stability of tree-shaped and circle-shaped is poor and require a long time to enter stability. In other words, the star-shaped network has the best synchronization stability among three islanded active distribution network topologies. The improvement on the Iceland 189 nodes network also proves this conclusion. Therefore, this paper suggested that the grid-tied topology should be the star-shaped network in the future. In the follow-up work, we will apply the distributed cooperative control strategy to further improve the synchronization stability, safety and economy of a system, and consider the stability condition in the weighted field. What's more, the Kuramoto oscillators model with inertia which is described as the second order ordinary differential equation has been widely used in related researches [37] , [41] , and we will consider the second order model as the research object in the future. His research interests are in the research areas of data mining, and pattern recognition and its applications.
